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 24 

Abstract 25 

Decompression-induced crystallization is an important process that controls the behavior of 26 

volcanic eruptions because it strongly affects magma rheology and degassing behavior in 27 

the shallow parts of volcanic conduits. Several decompression experiments have been 28 

performed to understand and model the crystallization processes; however, the effect of 29 

superheating (i.e., heating above the liquidus temperature for a definite period of time) 30 

before decompression has not been elucidated, despite the proposal of its importance in 31 

previous cooling experiments. As the superheating influences the number of pre-existing 32 

crystals and melt homogeneity, it is expected to control decompression-induced 33 

crystallization. In this study, we investigated the effects of pre-existing crystals and melt 34 

homogeneity on crystallization during the decompression of rhyodacitic magma at a 35 

temperature of 900°C. The magma studied herein has a liquidus temperature of ~920°C. 36 

Five starting materials were prepared via heating at different super-liquidus temperatures 37 

(940, 970, 1050 and 1300°C) and a sub-liquidus temperature (900°C) using an internally 38 

heated pressure vessel and a cold-seal pressure vessel, respectively. Decompression 39 

experiments using these starting materials were conducted from 130 to 30 MPa at 40 

decompression rates of 5, 20, and 100 MPa h–1. When the melt was completely 41 

homogenized (at 1050 and 1300°C), no crystals were formed at 100 MPa h–1 and the small 42 

amounts of crystals heterogeneously formed along the capsule wall were found at 5 and 20 43 

MPa h–1. At the same decompression rate, the number density of plagioclase formed during 44 

decompression increased as the superheating temperature decreased from 970 to 900°C, 45 
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despite the higher number densities of pre-existing crystals before decompression in the 46 

samples with lower superheating. Such finding indicates that nucleation occurs easily when 47 

the number density is initially high. This result is inconsistent with the idea that nucleation 48 

occurs when supersaturation is sufficient to overcome the energy barrier for nucleation, and 49 

the growth of pre-existing crystals decreases supersaturation. In contrast, the results of our 50 

experiments can be explained by considering that higher superheating results in a more 51 

homogeneous melt structure with few pre-crystal clusters, which are growth sites, and 52 

ultimately the suppression of nucleation. Based on these results, we conclude that pre-53 

existing crystals and melt homogeneity strongly affect the crystal texture formed by 54 

decompression. For application to natural systems, the high number density of microlites 55 

found in natural samples may be due to heterogeneous nucleation caused by the presence of 56 

pre-crystal clusters and other mechanisms. Furthermore, the superheating of magma in a 57 

reservoir caused by the injection of high-temperature mafic magma may influence the 58 

crystal texture during magma ascent and, hence, control the explosivity of the eruption. 59 

 60 

Keywords: Decompression-induced crystallization, superheating, magma 61 

decompression, crystal texture 62 

 63 

 64 

 65 

 66 

INTRODUCTION 67 



4 

 

  Decompression during magma ascent to the surface causes dehydration and hence 68 

changes in the liquidus of hydrous magma, resulting in crystallization (Cashman, 1992; 69 

Hammer and Rutherford, 2002). Decompression-induced crystallization strongly controls 70 

eruption dynamics because it causes an increase in the magma viscosity (Melnik and 71 

Sparks, 1999; Gonnermann and Manga, 2003). The number density of crystals and total 72 

crystallinity of natural samples that experienced decompression-induced crystallization 73 

have been used to estimate the decompression rate using experimentally calibrated theories 74 

(Toramaru et al., 2008). To this end, several experimental studies have been performed to 75 

determine the relationship between the decompression history and crystal texture (e.g., 76 

Hammer and Rutherford, 2002; Couch et al., 2003a, 2003b; Martel and Schmidt, 2003; 77 

Brugger and Hammer, 2010; Cichy et al., 2011; Mollard et al., 2012; Shea and Hammer, 78 

2013; Fiege et al., 2015; Riker et al., 2015; Befus and Andrews, 2018; Lindoo and 79 

Cashman, 2021). 80 

 Based on previous studies, the decompression history, such as decompression rate, 81 

final pressure, and decompression paths (i.e., single-step, multi-step, or continuous 82 

decompression) has been recognized to affect the number density of crystals formed during 83 

decompression. A high decompression rate results in a large undercooling; hence, the 84 

number density of the microlite formed during decompression becomes large (e.g., Couch 85 

et al., 2003b; Shea and Hammer, 2013). Additionally, Brugger and Hammer (2010) 86 

demonstrated that the number density of plagioclase microlites formed during continuous 87 

decompression is higher than that of microlites formed by multi-step decompression. 88 

 In addition to the decompression history, the condition before decompression is an 89 
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important factor that determines the crystal texture after decompression. In nature, the 90 

magma in the reservoir contains crystals (phenocrysts) and can be heated and cooled by 91 

magma injection into the reservoir in the cold crust (e.g., Kent et al., 2010; Tomiya et al., 92 

2013; Cooper and Kent, 2014). As the temperature of magma fluctuates through these 93 

processes, the number density of phenocrysts develops through melting and crystallization 94 

(e.g., Simakin and Bindeman 2008). As the pre-existing crystals can grow during 95 

decompression or become a heterogeneous nucleation site, thereby controlling the 96 

evolution behavior of supersaturation in the melt, the change in the number density of 97 

phenocrysts in the reservoir seems to influence decompression-induced crystallization. The 98 

heating of magma in the reservoir also results in a homogeneous melt structure. The effect 99 

of melt homogeneity on decompression-induced crystallization is clarified by comparing 100 

two decompression experiments. Fig. 1 shows the number density of plagioclase microlites 101 

reported by Brugger and Hammer (2010) and Riker et al. (2015), where the values reported 102 

by Brugger and Hammer (2010) are markedly higher than those reported by Riker et al. 103 

(2015). In these two studies, the experimental conditions (decompression history, 104 

temperature, final pressure, and water-saturated conditions) and magma composition were 105 

similar. However, the starting materials were prepared using different procedures. The 106 

starting materials used by Brugger and Hammer (2010) were glassy materials from natural 107 

pumices, whereas those used by Riker et al. (2015) were synthesized by melting a mixture 108 

of oxides and carbonates at a temperature of 1450°C. This difference may explain the 109 

difference in number density as superheating above the liquidus temperature produces a 110 

homogeneous melt structure (fully relaxed melt) and suppresses nucleation, as 111 
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demonstrated in the cooling experiments (Sato, 1995; Pupier et al., 2008; Shea and 112 

Hammer, 2013; Vetere et al., 2013; da Silva et al., 2017; First et al., 2020). 113 

In this study, we investigated the effects of pre-existing crystals and melt 114 

homogeneity on crystallization during magma decompression. The starting materials were 115 

prepared with a rhyodacite composition via heating at different super-liquidus temperatures 116 

(940, 970, 1050, and 1300°C) and sub-liquidus temperature (900°C), followed by annealing 117 

at the same temperature (900°C) and pressure (130 MPa). Finally, the samples were 118 

subjected to the same decompression history and the obtained crystal textures were 119 

compared. Our experiments clearly indicate that pre-existing crystals enhance crystal 120 

growth and crystals are hard to nucleate in the homogenized melt, in line with the findings 121 

of the cooling experiments. 122 

 123 

EXPERIMENTAL AND ANALYTICAL METHODS 124 

Synthesis of the starting materials 125 

We prepared four starting materials for the decompression experiments using 126 

rhyodacite pumice from the 1977 eruption of the Usu volcano, Japan (Katsui et al., 1978; 127 

Niida et al., 1980). The powdered pumices were heated at five temperatures (900, 940, 970, 128 

1050, or 1300°C) in an internally heated pressure vessel (IHPV) or cold-seal pressure 129 

vessel (CSPV) and then annealed under magma reservoir conditions of 900°C and 130 130 

MPa, which is slightly below the liquidus temperature of 920°C (Ohnishi and Tomiya, 131 

2018). The pumices from the 1977 eruption of the Usu volcano include phenocrysts of 132 

plagioclase (1–6%; Oba and Katsui, 1983), orthopyroxene and Fe-Ti oxide, and plagioclase 133 
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microlites in the groundmass. 134 

We first washed rhyodacite pumice seven times with distilled water using an 135 

ultrasonic washer for 5 min. The washed pumice was dried overnight in an oven at a 136 

temperature of 110°C and then crushed and ground in a mortar for ~1 h. In the IHPV 137 

experiments at temperatures of 940, 970, 1050, and 1300°C, the same powder sample of 138 

approximately 195 mg was loaded into a platinum tube with a diameter of 5 mm, with 6 139 

wt% water, and the tube was welded shut. Using the platinum tube for IHPV experiments, 140 

the iron content in samples decreased from 3.8 to 2.4 wt% (3.8 wt% for bulk rock 141 

composition from Matsumoto and Nakagawa, 2010) owing to the absorption loss from 142 

sample to the platinum tube; however, this decrease in the iron content does not cause 143 

significant difference (<10°C) in plagioclase liquidus, which is related to the definition of 144 

superheating, based on the MELTS calculation (Gualda et al., 2012; Ghiorso and Gualda, 145 

2015). Repeated weighing and heating at 110°C were performed to check for water leakage 146 

from the capsule. In the CSPV experiment at 900°C, a 40 mg powder sample and 6 wt% 147 

water were loaded into a gold tube with a diameter of 5 mm. The tube was then welded 148 

shut. We rechecked for leakage by heating the capsule at 110°C and weighing the capsule. 149 

Water saturation was ensured under the following experimental conditions. 150 

The IHPV experiments at 940, 970, 1050, and 1300°C were conducted using argon 151 

gas as the pressure medium at the Geological Survey of Japan (GSJ/AIST) (HARM–200 152 

and SMC–5000; Tomiya and Miyagi, 2001; Tatsumi and Suzuki, 2009; Tomiya et al., 153 

2010). The samples were heated at 940, 970, 1050, and 1300°C under 130 MPa pressure for 154 

48, 48, 48, and 2 h, respectively. The temperature was then isobarically decreased to 900°C 155 
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at a rate of 400°C/day, and the samples were annealed for 138, 137, 110, and 136 h, 156 

respectively (Fig. 2a, b). This condition, i.e., 900°C and 130 MPa, corresponds to the 157 

magma reservoir condition, under which plagioclase, orthopyroxene, and magnetite are 158 

stable (Ohnishi and Tomiya, 2018). Finally, the samples were quenched by dropping into a 159 

cooler zone (<200°C). The CSPV experiment was performed at Tohoku University using 160 

water as the pressure medium. In this experiment, the sample was heated at a temperature 161 

of 900°C and a pressure of 130 MPa for 72 h and then cooled rapidly by dropping into a 162 

water-cooled zone. The information for starting material syntheses is summarized in Table 163 

1. 164 

After the runs, we opened the capsules carefully, and the recovered samples were 165 

cut into ~1 mm cubes for decompression experiments. Small chips of the remaining 166 

samples were mounted using resin to analyze the chemical composition and crystal texture 167 

of the starting materials. Hereafter, we denote the synthesized starting materials without 168 

superheating (just annealed at 900°C) and already superheated at 940, 970, 1050, and 169 

1300°C as 900st, 940st, 970st, 1050st, and 1300st, respectively. 170 

 171 

Decompression experiments 172 

Decompression experiments were conducted at Tohoku University using a CSPV 173 

with a syringe pump (Okumura et al., 2021). Using this system, we can precisely control 174 

decompression rates. For the decompression experiments, the synthesized samples (~1 mm 175 

cubes) were loaded into a gold tube (3 mm in diameter) with a small amount of water 176 

(0.1~0.3 mg) to achieve water saturation condition. The gold tubes were then welded shut, 177 
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heated at 110°C, and weighed to check for water leakage. 178 

In the decompression experiments using the CSPV, we first increased the furnace 179 

temperature to 900°C at 130 MPa, and then a filler rod was used to position the samples in 180 

the hotspot of the furnace. The sample was annealed at 900°C for 1 h and then isothermally 181 

and continuously decompressed to 30 MPa at rates of 5, 20, or 100 MPa h–1 (Fig. 2c, d). To 182 

validate the conditions before decompression, annealing experiments without 183 

decompression were performed at 900°C and 130 MPa for 1 h. An annealing experiment at 184 

900°C and 30 MPa for 72 h was conducted to reveal the equilibrium texture at 900°C and 185 

30MPa using 940st as a starting material. After the experiments, the capsules were 186 

embedded in resin, and the samples were investigated as described in the following 187 

sections. The information for all runs is summarized in Table 2. 188 

 189 

Analytical methods 190 

The chemical compositions of the glass in the groundmass and plagioclase were 191 

analyzed using energy-dispersive X-ray spectrometry (EDS, Oxford INCA) attached to a 192 

field-emission type scanning electron microscope (FE-SEM, JEOL JSM-7001F) at Tohoku 193 

University. The accelerating voltage and beam current were 15 kV and 1.4 nA (on a Co 194 

standard), respectively, and the counting time was 60 s. The glass composition was 195 

analyzed in scanning mode, and the plagioclase composition was analyzed in point mode. 196 

For large plagioclase crystals with a width of >10 m, the core and rim compositions were 197 

analyzed, whereas the core and rim were not distinguished during the measurement of tiny 198 

crystals with a width of <10 m. All the analytical results are listed in Table 3. 199 
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We obtained backscattered electron (BSE) images using field-emission type 200 

scanning electron microscopes (JEOL JSM-7001F and JEOL JSM-7100F at Tohoku 201 

University) with an acceleration voltage of 15 kV. For most quantitative measurements of 202 

the texture, images obtained at a magnification of 500× were used; however, samples 203 

containing large crystals were imaged at 250× magnification. The areal number density 204 

(NA, the number of crystals per unit area) and areal fraction () of plagioclase crystals on a 205 

vesicle-free basis were obtained using the image processing software package, ImageJ Fiji 206 

(Schindelin et al., 2012). The characteristic two-dimensional crystal size (SN) is expressed 207 

as the square root of the mean crystal area, SN = ( / NA)1/2. Quantitative data for each 208 

sample were obtained by analyzing three images. 209 

For all starting materials, X-ray elemental mappings were obtained using the same 210 

SEM-EDS system. The accelerating voltage, beam current, and working distance were set 211 

to 15 kV, 5 nA, and 10 mm, respectively. Images were obtained with a magnification of 212 

1500×. The image resolution and pixel size were 512 × 384 and 0.16 × 0.16 m, 213 

respectively. 214 

The water content of the 1300st was determined using an FT-IR 215 

microspectrometer (Nicolet iN-10, Thermo Fisher Scientific Inc.). A doubly polished thin 216 

section of the glass sample of 1300st was used. The typical size of the thin section was 1×1 217 

mm, and its thickness was 156 m. The aperture size of the IR measurements was set to 218 

50×50 m. The peak intensities of 5230 (H2O) and 4500 (OH) cm-1 bands after background 219 

correction with two straight lines and the molar absorptivities of Ohlhorst et al. (2001), i.e., 220 

1.41 and 1.19 L mol-1 cm-1 for the 5230 and 4500 cm-1 bands, respectively, were employed. 221 
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 222 

RESULTS 223 

Starting materials for the decompression experiments 224 

The BSE images of the starting materials are shown in Fig. 3. No crystals were 225 

observed in the 1300st sample, and only magnetite was found in the 1050st sample. In 226 

contrast, plagioclase, magnetite, and pyroxene were found in the 900st, 940st, and 970st 227 

samples. It should be noted that plagioclase, orthopyroxene and magnetite are stable under 228 

the annealing conditions of 900°C and 130 MPa (Ohnishi and Tomiya, 2018), and the 229 

annealing duration (72–138 h at 900°C) seems to be sufficient for the samples to reach 230 

equilibrium according to previous studies (Brugger and Hammer, 2010; Riker et al., 2015), 231 

although no crystals were observed in the 1300st sample and only magnetite was found in 232 

the 1050st sample. 233 

Plagioclase, magnetite, and pyroxene in the 900st sample show euhedral and 234 

irregular rims; sometimes, the irregular rims are curvilinear. No clear compositional zoning 235 

is found in these crystals. In contrast, the crystals in the 940st and 970st samples appear 236 

blocky. The plagioclase in the 940st sample shows clear compositional zoning (Fig. 3d), 237 

and those in the 970st sample seem to have zoning. These results suggest that almost all 238 

crystals in the 900st sample are relicts. Most of the crystals in the 940st and 970st samples 239 

also resulted from the growth of relicts. The 900st sample seems to contain more crystals 240 

than the 940st and 970st samples (the number density is reported in the following section). 241 

The number density of plagioclase crystals is markedly higher than those of pyroxene and 242 

magnetite; hence, we focus only on plagioclase crystals in the following sections. The total 243 
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water content of the 1300st sample obtained by FT-IR spectroscopy was ~4.5 wt%, which 244 

is fairly consistent with the water content saturated under experimental conditions, i.e., 4.4 245 

wt% based on the model of Newman and Lowenstern (2002). We could not measure water 246 

contents in other samples including small crystals, but we expect that all samples were 247 

saturated with water because we used the same sample/water ratio and experimental 248 

conditions. 249 

 250 

Qualitative description of the run products 251 

We first compared the run products annealed at 900°C for 1 h just before the 252 

decompression (Fig. 4). However, no qualitative variations are observed in the run products 253 

of the annealing experiment and starting materials. This observation indicates that 254 

annealing for 1 h before decompression did not cause remarkable variation in the crystal 255 

texture and the number density and that crystallinity of the run products without 256 

decompression were almost the same as those of the starting materials within the errors 257 

(Tables 1 and 2). 258 

In Fig. 5, we show BSE images of the run products after decompression. In the run 259 

products of the 1050st and 1300st samples, no plagioclase was found when the 260 

decompression rate was 100 MPa h–1, whereas plagioclases with a length of ~100 m and 261 

width of <10 m were formed at decompression rates of 5 and 20 MPa h–1. However, these 262 

plagioclase crystals seem to be heterogeneously formed along the capsule walls or bubbles 263 

(Fig. 6). The morphology of crystals obtained at 5 MPa h–1 is hopper and swallowtail, and 264 

that obtained at 20 MPa h–1 is skeletal. According to Shea and Hammer (2013), the 265 
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morphology changes from hopper and swallowtail to skeletal with increasing undercooling. 266 

Because a high decompression rate is expected to result in large undercooling, the evolution 267 

of plagioclase morphology is consistent with the expected behavior.  268 

For runs with the 970st sample, no large qualitative differences appeared between 269 

the run products with and without decompression (Figs. 4c and 5c). Only a thin overgrowth 270 

of plagioclase with a sodic composition was observed at 5 and 20 MPa h–1. 271 

In the run products of the 940st samples obtained at a decompression rate of 100 272 

MPa h–1 (Fig. 5d), plagioclases with lengths of a few micrometers are found in the melt, 273 

which are markedly smaller than pre-existing crystals (~30 m). Larger plagioclases, i.e., 274 

several micrometers to ~20 m, are observed after decompression at 5 and 20 MPa h–1. 275 

These crystals are thought to nucleate and grow during decompression. In addition to these 276 

tiny plagioclases, overgrowth rims are observed on plagioclase with a length of >~30 m at 277 

5 and 20 MPa h–1.  278 

In the run products of the 900st sample obtained at 20 MPa h–1 (Fig. 5e), the 279 

number density is high, as described in the following section. After decompression at 5 280 

MPa h–1, plagioclase appears to be slightly larger. 281 

The length of tiny plagioclase shows large variation depending on starting 282 

materials; hence, we consider tiny plagioclase with a width of <10 m as crystals formed 283 

during decompression. 284 

 285 

Quantitative description of plagioclase: number density, size, and crystallinity286 

 We indicate NA, SN, and  of plagioclase in the run products without and with 287 
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decompression in Figs. 7 and 8, respectively. To clarify the change in  and NA during 288 

decompression, the crystallinity and number density obtained by subtracting  and NA 289 

without decompression from those after decompression are also shown in Fig. 9. In the run 290 

products without decompression, NA decreased with increasing heating temperature from 291 

900 to 1300°C (Fig. 7a) and SN increased with heating temperature. We could not define SN 292 

for the samples heated at 1050 and 1300°C because both NA and  were almost zero (Fig. 293 

7b). These results indicate that the degree of dissolution of pre-existing plagioclase in the 294 

pumice depended on the heating temperature, i.e., 900, 940, 970, 1050, or 1300°C, and then 295 

crystallization during annealing at 900°C was controlled by growth rather than nucleation. 296 

This is because the degree of supercooling is small, that is, the difference between liquidus 297 

and experimental temperatures is 20°C, at which the growth controls the crystallization 298 

(e.g., Couch et al., 2003b; Jiusti et al., 2020). These findings are supported by the 299 

observation of relicts and compositional zoning in the 940st and 970st samples, but no clear 300 

zoning in the 900st sample. In addition, the crystals in the 940st and 970st samples are 301 

mainly euhedral and blocky. 302 

  In the run products with decompression, NA is higher for the samples decompressed 303 

at 20 MPa h–1 than for those decompressed at 5 and 100 MPa h–1 for the runs with the 900st 304 

and 940st samples (Figs. 8a and 9a). In the 970st sample, no clear variation in NA is found. 305 

SN varied only slightly from that in the run products without decompression (Fig. 8b), 306 

although  increased after decompression (Figs. 8c and 9b). This finding indicates that the 307 

newly nucleated crystals were similar in size to the pre-existing crystals or that crystals of 308 

different sizes, i.e., small newly formed crystals and large crystals that grew during 309 
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decompression, were both present owing to the combined effect of nucleation and growth. 310 

Figs. 4 and 5 clearly show the coexistence of small newly formed crystals and large pre-311 

existing crystals; hence, no clear variation in SN is observed in the run products of the 970st 312 

sample because of the combined effect of nucleation and growth. In the 1050st and 1300st 313 

samples, NA decreases as the decompression rate increases from 5 to 100 MPa h-1. 314 

 The value of  decreases as the decompression rate increases from 5 to 100 MPa h–1 315 

for all samples. The equilibrium crystallinity at 900°C and 30 MPa was ~41 area% based 316 

on the results of the annealing experiments for 72 h (EQ) (Table 2). This result indicates 317 

that crystallization did not reach equilibrium, even in the runs at 5 MPa h–1. 318 

 Our results indicate that the crystal texture was strongly influenced by the highest 319 

heating temperature during the synthesis of the starting materials. At higher temperatures 320 

(970, 1050, and 1300°C), the number density of plagioclase was low in both the starting 321 

materials and run products after decompression. Only small increases were found for the 322 

runs with the 970st sample, and almost no crystallization was found after the run with the 323 

1050st and 1300st samples at 100 MPa h–1. In contrast, the number densities of plagioclase 324 

in the 900st and 940st samples were higher than those in the 970st, 1050st, and 1300st 325 

samples, and the increase in the number density after decompression was also large in the 326 

900st and 940st samples. Namely, the nucleation rate was high in the samples that initially 327 

had a high number density. These results are inconsistent with the expectation from 328 

crystallization kinetics that the degree of supersaturation is decreased by the growth of pre-329 

existing crystals and that nucleation does not become dominant if the decrease with growth 330 

occurs rapidly enough (e.g., Shea and Hammer, 2013). Rather, these results indicate a 331 
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difference in the homogeneity of the melt structure controls crystal texture. When the 332 

sample was heated at a higher temperature, the crystals dissolved and the melt structure 333 

relaxed, resulting in a homogeneous structure. We will discuss this in the following section.   334 

 335 

Chemical composition: glass and plagioclase. 336 

 The chemical compositions of glass part and plagioclase are summarized in Table 3 337 

and the K2O content in the glass is shown in Fig. 10. The K2O content decreases with an 338 

increase in the decompression rate. This result indicates that the degree of non-equilibrium 339 

is larger, that is, the crystallinity is lower at higher decompression rates as K2O is an 340 

incompatible element. Additionally, the K2O content is low when the heating temperature 341 

was high. 342 

Fig. 11 indicates the An contents obtained from the rim of plagioclase and tiny 343 

plagioclase (<~10 m). It should be noted that the core includes both pre-existing crystals 344 

and newly formed crystals, which cannot be distinguished using chemical composition; 345 

thus, we investigated only the rim and tiny crystals and did not consider the data from the 346 

cores in this study. The rim compositions of the 940st and 970st samples and the annealed 347 

samples with 900st, 940st, and 970st samples show a peak around An60–An65. This An 348 

content is almost consistent with the chemical composition of the rim of plagioclase 349 

phenocrysts from the 1977 eruption of Usu volcano (Tomiya and Takahashi, 2005), 350 

indicating that the phenocrysts may be in equilibrium at 900°C and 130 MPa. The An 351 

content of the rims of the 900st sample shows the broad range because plagioclase in the 352 

sample consists of relicts of plagioclase phenocrysts and microlites, as discussed above. No 353 
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plagioclase was found in the 1050st and 1300st samples, and hence no rim data were 354 

obtained for the runs with the 1050st and 1300st samples. 355 

The average An content of the rims of the run products with the 900st and 940st 356 

samples after decompression clearly decreases with decreasing decompression rate. 357 

However, the average An content at 20 MPa h-1 is the lowest in the runs with the 970st 358 

sample. In contrast, the lowest An content indicates complex behavior as follows. For the 359 

runs with the 940st and 970st samples, the An content at 20 MPa h–1 is the lowest, while 360 

the lowest An content decreases gradually with decreasing decompression rate from 100 to 361 

5 MPa h–1 in the runs with the 900st sample. 362 

 Tiny plagioclases were found in all run products, except runs with the 1050st and 363 

1300st samples at 100 MPa h–1. In the runs with the 1050st and 1300st samples at 5 and 20 364 

MPa h–1, the An content distributions are narrow, and the average values are low compared 365 

with those of runs with other starting materials. The An contents of the run products of the 366 

970st sample at 100 MPa h–1 are slightly lower than those at 5 and 20 MPa h–1. In contrast, 367 

the An content clearly decreases with decreasing decompression rate when the 940st 368 

sample was used as the starting material. The An content of the run products of the 900st 369 

sample shows no clear variation. 370 

 371 

DISCUSSION 372 

Effects of pre-existing crystals and melt homogeneity on decompression-induced 373 

crystallization 374 

 Our experiments indicated that the pre-existing crystals and melt homogeneity 375 
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affect the crystal number density and total crystallinity after decompression. In runs with 376 

the 970st, 940st, and 900st samples, it is clearly found that pre-existing crystals control the 377 

number density of crystals (Fig. 9a). The number density of plagioclase formed during 378 

decompression was higher when the highest heating temperature was lower (Fig. 9). The 379 

number density of plagioclase formed during decompression increased with a decrease in 380 

the highest heating temperature from 970 to 900C. These results indicate that nucleation 381 

from the melt occurred easily when the initial number density was high. This result 382 

contradicts the common-sense idea that nucleation occurs when the supersaturation is 383 

sufficiently high to overcome the energy barrier for homogenous nucleation, and that the 384 

growth of pre-existing crystals or heterogeneous crystallization from them decreases 385 

supersaturation (e.g., Andrews and Befus, 2020). Mollo et al. (2012) reported that 386 

plagioclase may nucleate on pre-existing crystals; however, our results are inconsistent with 387 

this idea, because no clear heterogeneous nucleation is observed (Fig. 5). The results of our 388 

experiments can be explained by considering that higher heating temperatures result in a 389 

more homogeneous melt structure. In the runs with the 970st sample, the melt structure was 390 

relatively homogeneous; thus, nucleation was suppressed, and the growth of pre-existing 391 

crystals was dominant. In the runs with the 940st sample, the number density was higher 392 

than that in the runs with the 970st sample. Because the temperature of 940°C is above the 393 

liquidus temperature, the crystals dissolved during heating, despite the survival of large 394 

crystals, resulting in relicts. Therefore, our results can be explained by considering that the 395 

melt structure did not relax perfectly from a crystal-like structure (pre-crystal clusters) to a 396 

homogeneous melt structure during heating at 940°C, and that the pre-crystal clusters 397 
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contributed to nucleation during decompression. 398 

 The pre-crystal clusters were difficult to identify in this study. Fig. 12 shows 399 

composition maps of the starting materials, which indicate no clear signatures in the glass 400 

parts. In contrast, relicts with a few micrometers in size are clearly found in the 900st and 401 

940st samples (Figs. 12d and 12e). Additionally, no crystals in the glass parts were 402 

observed in the BSE images even at high magnification (20,000×, Fig. 13), indicating that 403 

the pre-crystal clusters were not crystal relicts. If the homogenization of a melt is controlled 404 

by element diffusion, we may be able to estimate the timescale of homogenization based on 405 

diffusion timescale (Vetere et al., 2013). Here, we assume Si diffusion at superheating 406 

conditions; the diffusion coefficients are 2.3×10–2 and 1.3×10–2 m2 s–1 at 970 and 940C, 407 

respectively, based on Eyring relationship (Chakraborty, 1995). The distance between 408 

crystals is approximately 50 m; hence, the estimated diffusion timescales are 1.1×105 and 409 

1.9×105 s for 970 and 940C, respectively, based on the relationship of (l2/D), where l and 410 

D represent the distance between crystals and diffusion coefficient, respectively. These 411 

timescales are roughly the same as the heating time; hence, we infer that the crystals 412 

dissolved during superheating, but the melt structure was not perfectly homogenized 413 

through diffusion. 414 

 Melt homogeneity strongly controls crystal nucleation, and hence, the number 415 

density of the crystals. In the runs with the 1300st and 1050st samples, almost no crystals 416 

were observed in the run products at a decompression rate of 100 MPa h–1. The low 417 

crystallinity and plagioclase morphology in the run products at 5 and 20 MPa h–1 also 418 

indicate that crystallization occurred only when high supersaturation was achieved. These 419 
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observations differed from those obtained in runs using the starting materials heated at 420 

lower temperatures (970st and 940st, and 900st). These results clearly indicate that melt 421 

homogenization by heating influences the crystal texture formed by magma ascent and 422 

decompression. 423 

 The quantitative description of the effect of heating on melt homogenization 424 

remains unclear. In our experiments, the 50C superheating for 48 h (970st) resulted in melt 425 

homogenization, whereas the melt was not homogenized and the pre-crystal clusters existed 426 

in samples with the 20C superheating for 48 h (940st).  427 

 In summary, nucleation and growth are controlled by heating and cooling before 428 

decompression through the degree of crystal dissolution and melt relaxation. It should be 429 

noted that the pre-crystal clusters originated from the experimental procedure used herein; 430 

however, they may also be formed in the natural system by increasing and decreasing 431 

magma temperature.  432 

  433 

Comparison with previous studies 434 

 We compared our data with those obtained under similar experimental conditions in 435 

previous studies (Brugger and Hammer, 2010; Riker et al., 2015) (Fig. 14). Based on our 436 

experiments, the number density of microlites formed during decompression was high in 437 

the sample without superheating (900st). The number densities observed in the experiments 438 

without superheating by Brugger and Hammer (2010) were markedly higher than those in 439 

the superheated samples in this study and Riker et al. (2015), as observed at low 440 

decompression rates (Fig. 14). As discussed in the previous section, nucleation is 441 
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suppressed in samples homogenized by superheating, resulting in the occurrence of high 442 

supersaturation, which could cause high nucleation rate. However, a comparison of the 443 

number density in the samples with and without superheating indicates that the number 444 

density is high in the samples without superheating. This finding implies that the high 445 

number density in samples without superheating originates from heterogeneous nucleation 446 

resulting from the presence of pre-crystal clusters in natural samples. 447 

 In natural samples, high number densities (>~104 mm–2) are often observed, and 448 

their origin is an unsolved problem (e.g., Martel, 2012; Riker et al., 2015). When natural 449 

samples without superheating were used as the starting materials in the decompression 450 

experiments, these high number densities were reproduced (Brugger and Hammer, 2010; 451 

Befus and Andrews, 2018). In contrast, the maximum number densities observed in 452 

experiments with superheating were 104 mm–2 (Riker et al., 2015; this study), which is 453 

lower than the high values observed in some natural samples. To explain these high number 454 

densities, Riker et al. (2015) proposed that the fluxing of a CO2-rich fluid into initially 455 

H2O-rich magma lowers the partial pressure of water and enhances rapid crystallization in 456 

nature. Additionally, magma decompression during ascent may result in cooling because of 457 

adiabatic gas expansion (Mastin and Ghiorso, 2001). In addition to the contribution of 458 

heterogeneous nucleation associated with pre-crystal clusters, these unrecognized 459 

mechanisms may contribute to the high number densities observed in natural samples. 460 

Recently, Lindoo and Cashman (2021) performed decompression experiments to simulate 461 

Vulcanian eruptions. In particular, they reproduced pressure fluctuations during intermittent 462 

explosions and reported that rapid deformation in magma may result in an increase in the 463 
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crystal number density through the extensive disruption of crystals. 464 

 465 

IMPLICATIONS 466 

We experimentally demonstrated that the crystal texture formed during magma 467 

decompression depends on the degree of superheating before decompression. This finding 468 

indicates that the degree of homogeneity of the melt structure is an important factor in 469 

controlling crystallization kinetics. In actual eruptions, the magma temperature before the 470 

eruption fluctuates because of cooling in the cold crust and heating due to interactions with 471 

the hotter magmas in the reservoir (e.g., Cooper and Kent, 2014; Tomiya et al., 2013). As 472 

the temperature fluctuates, the chemistry and morphology of the phenocrysts develop 473 

through elemental diffusion, crystallization, and melting. In many cases, silicic magmas 474 

undergo heating just before an eruption (e.g., Nakamura, 1995; Tomiya et al., 2013), which 475 

may result in a homogeneous melt structure and the occurrence of heterogeneity through 476 

crystal dissolution, and finally affect the crystal texture in the magma that erupts to the 477 

surface. Based on our experiments, the 50C superheating for 48 h is sufficient to produce a 478 

homogeneous melt structure and suppress decompression-induced nucleation. On the other 479 

hand, the inefficient superheating observed in this study (superheating by 20C for 48 h) 480 

may result in the formation of pre-crystal clusters; this heterogeneity may also enhance 481 

bubble formation through heterogeneous nucleation (Shea, 2017; Hajimirza et al., 2021) 482 

and hence control the explosivity of the eruption. To understand these processes, we need 483 

to clarify the relationship between crystal formation and the nanoscale melt structure in 484 

future studies. 485 
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 644 

 645 

 646 

Figure captions 647 

Figure 1. Number density (NA) of plagioclase microlite in run products of the 648 

decompression experiments reported by Brugger and Hammer (2010) (B&H 649 

2010) and Riker et al. (2015) (Riker 2015).  650 

Figure 2. (a) Temperature (T)–time (t) path of starting material synthesis, (b) Pressure (P)–651 

time (t) path of starting material synthesis, (c) T–t path of decompression 652 

experiments, and (d) P–t path of decompression experiments.  653 

Figure 3. Backscattered electron (BSE) images of the synthesized glasses (starting 654 

materials) superheated at (a) 1300C, (b) 1050C, (c) 970C, and (d) 940C using 655 

an internally heated pressure vessel and annealed at (e) 900C using a cold seal 656 

pressure vessel. Plagioclase crystals (light grey; PL) and Fe-Ti oxide (light; OX) 657 

are found in (b)–(e). 658 

Figure 4. Backscattered electron (BSE) images of the samples of (a) 1300st, (b) 1050st, (c) 659 

970st, (d) 940st, and (e) 900st after annealing at 900C for 1 h (e.g., run# 660 

1300st1h). No clear change in crystal texture is observed compared with the 661 
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starting materials (BSE images) in Fig. 3. 662 

Figure 5. Backscattered electron (BSE) images of the run products of (a) 1300st, (b) 1050st, 663 

(c) 970st, (d) 940st, and (e) 900st after decompression at 100, 20, and 5 MPa h–1 664 

(e.g., run# 1300stdec100). Light grey particles represent plagioclase crystals. 665 

Figure 6. Backscattered electron (BSE) images of the run products of (a) 1300st and (b) 666 

1050st after decompression at 5 MPa-1 and 20MPa-1 near capsule wall. Crystals 667 

are heterogeneously formed along the capsule wall. 668 

Figure 7. (a) Number density (NA), (b) characteristic two-dimensional crystal size (SN), and 669 

(c) areal fraction () of plagioclase crystals in the run products without 670 

decompression vs. superheated temperature. In the sample superheated at 1300C, 671 

no crystals are found. The error bars represent the standard deviation based on 672 

analyses of three images. 673 

Figure 8. (a) Number density (NA), (b) characteristic two-dimensional crystal size (SN), and 674 

(c) areal fraction () of plagioclase crystals in the run products after 675 

decompression vs. decompression rate. In the run with 1300stv2, no crystals are 676 

found at 100 MPa h–1. The error bars represent the standard deviation based on 677 

analyses of three images. 678 

Figure 9. (a) Number density of plagioclase crystal formed during decompression (NANA, 679 

anneal) and (b) areal fraction of plagioclase crystals formed or grew during 680 

decompression (anneal) vs. decompression rate. The number density and areal 681 

fraction are calculated by the difference between those of the decompression (NA, 682 

) and those of the annealing experiments (NA,anneal, anneal).   683 
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Figure 10. K2O content in glass parts of the run products vs. decompression rate. The error 684 

bars represent the standard deviation (see also Table 3). 685 

Figure 11. Anorthite contents of plagioclase rim (grey box) and tiny plagioclase (open box) 686 

in the starting material, run product after annealing for 1 h (1 h annealing), and 687 

run products after decompression at 100, 20, and 5 MPa h–1. The edges of each 688 

box and bar represent upper and lower quartile and the range of the anorthite 689 

content, respectively. The horizontal line inside each box represents median. The 690 

data are derived from experiments with (a) 1300st, (b) 1050st, (c) 970st, (d) 691 

940st, and (e) 900st.  692 

Figure 12. Composition map (Na, Al, and Ca) of the starting materials (a) 1300st, (b) 693 

1050st, (c) 970st, (d) 940st, and (e) 900st with BSE images. In the BSE images, 694 

light grey and white particles represent plagioclase (PL) and Fe-Ti Oxide (OX), 695 

respectively.  696 

Figure 13. Backscattered electron (BSE) images of the starting materials, (a)(b) 940st and 697 

(c)(d) 970st. No crystals were found in the BSE images even with high 698 

magnification (20,000×). 699 

Figure 14. Number density (NA) of plagioclase microlites in silicic magmas formed during 700 

decompression as a function of decompression rate. At low decompression rate, 701 

the NA values obtained in runs with natural samples (B&H 2010, Brugger and 702 

Hammer, 2010) are markedly higher than those with superheated samples in this 703 

study (1300st, 1050st, 970st, 940st, and 900st) and the synthesized samples of 704 

Riker et al. (2015) (Riker 2015). Pf represents the final pressure after 705 
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decompression. 706 



Starting material# T s
a
 and T a

a t s
b t a1

b N A
c ϕ d S N

e

(°C) (h) (h) (mm-2 ) (mm)
1300st 1300 2 136 0 0 0
1050st 1050 48 110 0 0 0
970st 970 48 137 363(186)f 0.102(0.061) 0.017(0.008)
940st 940 48 138 744(205) 0.047(0.021) 0.008(0.003)
900st 900 0  72 3247(240) 0.137(0.053) 0.006(0.002)

TABLE 1. Summary of starting material syntheses

f The values in parentheses represent the standard deviation for analyses of three images (1σ).

a "Ts" and "Ta" represent superheating and annealing temperatures, respectively, as indicated in Figure 2.
b "t s" and "t a1" represent the durations heated at superheating and annealing temperature, respectively.
c Number density of plagioclase crystals in starting materials.
d Areal fraction of plagioclase crystals.
e Characteristic two-dimensional crystal size of plagioclase crystals.



Run# Type ta2
a Rate Final P N A

b ϕ c S N
d

(h)  (MPah-1) (MPa) (mm-2 ) (mm)

1300st1h Annealing 1 - 130  0 0 0

1300stdec100 Decompression 1 100 30 0 0 0

1300stdec20 Decompression 1  20 30 639(241)e 0.038(0.038) 0.008(0.006)

1300stdec5 Decompression 1   5 30 1522(610) 0.248(0.060) 0.013(0.003)

1050st1h Annealing 1 - 130  16(24) 0.002(0.003) 0.010(0.013)

1050stdec100 Decompression 1 100 30 56(40) 0.003(0.004) 0.007(0.007)

1050stdec20 Decompression 1  20 30 167(130) 0.013(0.008) 0.009(0.008)

1050stdec5 Decompression 1   5 30 1265(475) 0.184(0.033) 0.012(0.003)

970st1h Annealing 1 - 130  440(140) 0.097(0.007) 0.015(0.002)

970stdec100 Decompression 1 100 30 818(146) 0.177(0.071) 0.015(0.004)

970stdec20 Decompression 1  20 30 626(317) 0.136(0.051) 0.015(0.005)

970stdec5 Decompression 1   5 30 917(195) 0.241(0.043) 0.016(0.003)

940st1h Annealing 1 - 130  739(226) 0.060(0.006) 0.009(0.002)

940stdec100 Decompression 1 100 30 2822(646) 0.141(0.031) 0.007(0.001)

940stdec20 Decompression 1  20 30 3834(350) 0.154(0.032) 0.006(0.001)

940stdec5 Decompression 1  5 30 2423(632) 0.263(0.044) 0.010(0.002)

Eqf Equilibrium 1 100 30 12347(2255) 0.412(0.055) 0.006(0.001)

900st1h Annealing 1 - 130  3342(446) 0.074(0.014) 0.005(0.001)

900stdec100 Decompression 1 100 30 7044(1286) 0.176(0.002) 0.005(0.000)

900stdec20 Decompression 1  20 30 7984(467) 0.214(0.008) 0.005(0.000)

900stdec5 Decompression 1  5 30 5340(416) 0.218(0.018) 0.006(0.000)

f An "Eq" experiment was performed to check equilibrium crystallinity at 30 MPa. After decompression at 100 MPa/h, the 
sample was held at 30 MPa for 72 h.

TABLE 2. Run information

a  "ta2" represent the durations heated at 900°C under 130 MPa.
b Number density of plagioclase crystals.
c areal fraction of plagioclase crystals.
d characteristic two-dimensional crystal size of plagioclase crystals.
e The values in parentheses represent the standard deviation for analyses of three images (1σ).



Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 n a Anrim
b n a Antiny

b n a

1300st 71.76 0.49 15.30 1.94 0.14 0.96 4.04 4.21 1.10 0.07 7 - - - -
1300st1h 71.88 0.55 14.97 2.03 0.28 0.99 4.04 4.08 1.13 0.04 6 - - - -
1300stdec100 71.54 0.50 15.13 2.16 0.24 0.97 4.09 4.23 1.13 0.03 6 - - - -
1300stdec20 71.43 0.49 15.11 2.61 0.19 0.96 3.75 4.16 1.25 0.07 6 - - 48–56 11
1300stdec5 75.17 0.53 12.81 2.87 0.17 0.58 2.16 4.11 1.47 0.13 7 - - 49–55 20

1050st 71.89 0.42 15.07 2.16 0.19 0.91 3.93 4.19 1.12 0.12 7 - - - -

1050st1h 71.64 0.47 15.11 2.24 0.22 0.92 4.03 4.16 1.11 0.10 6 - - - -

1050stdec100 71.39 0.52 15.19 2.11 0.20 0.95 4.12 4.24 1.16 0.11 6 - - - -

1050stdec20 71.27 0.43 14.97 2.84 0.18 0.98 3.78 4.22 1.24 0.09 6 - - 46–53 11

1050stdec5 75.90 0.60 12.27 2.63 0.17 0.71 2.05 4.04 1.52 0.11 7 - - 50–55 14

970st 72.89 0.46 14.49 2.01 0.22 0.99 3.52 4.22 1.20 0.07 8 57–67 18 - -
970st1h 74.13 0.52 13.76 2.01 0.15 0.96 3.09 4.09 1.28 0.07 10 55–65 10 - -
970stdec100 73.84 0.36 13.59 2.49 0.18 1.00 3.07 4.25 1.23 0.08 5 52–65 13 46–61 12
970stdec20 73.64 0.55 13.79 2.47 0.13 0.96 3.10 4.02 1.30 0.03 7 48–63 8 50–65 12
970stdec5 75.25 0.49 13.00 2.54 0.13 0.57 2.38 4.13 1.43 0.09 8 51–64 18 48–64 20

940st 73.55 0.52 13.92 2.31 0.22 0.97 3.12 4.20 1.19 0.03 8 60–66 12 - -
940st1h 73.33 0.39 13.86 2.79 0.15 0.85 3.07 4.24 1.27 0.05 10 61–68 14 - -
940stdec100 74.51 0.56 13.40 2.16 0.19 0.81 2.78 4.19 1.31 0.09 7 61–65 11 59–70 30
940stdec20 75.69 0.49 12.94 2.57 0.12 0.49 2.35 3.80 1.44 0.10 7 49–64 10 48–72 18
940stdec5 76.57 0.58 12.49 2.02 0.18 0.38 1.98 4.17 1.54 0.09 7 51–65 13 52–63 17
940steq 79.13 0.38 11.42 1.69 0.04 0.24 0.90 3.69 2.33 0.17 3 54–67 10 51–67 23

900st 73.32 0.48 13.85 3.34 0.14 0.66 3.02 3.96 1.23 0.04 6 46–62 8 - -
900st1h 72.89 0.48 13.76 3.56 0.12 0.68 3.07 4.14 1.28 0.01 7 54–64 8 - -
900stdec100 74.66 0.52 13.22 3.20 0.15 0.68 2.52 3.69 1.37 0.00 6 57–69 8 50–72 21
900stdec20 76.84 0.48 12.18 2.61 0.22 0.54 2.01 3.61 1.47 0.04 7 54–64 13 50–64 17
900stdec5 77.50 0.48 11.74 2.70 0.11 0.36 1.68 3.82 1.51 0.10 7 54–63 10 52–79 23

TABLE 3. Chemical composition of matrix glass and plagioclase

a The number of analyses.
b "Anrim" and "Antiny" represent the anorthite contents of plagioclase rim and tiny plagioclase, respectively.
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